] (x = 0.0 and 0.4). The formation of major crystalline phase of BaTiO 3 along with secondary phase of Ba 2 TiSi 2 O 8 was confirmed by X-ray diffraction (XRD) studies. Major crystalline phase was clearly seen in the micrographs of (Ba,Sr)TiO 3 borosilicate glass ceramic samples. The prepared glass ceramic samples showed very high values of toughness and elastic modulus. Barium strontium titanate (BST) glass ceramics are used in barrier layer capacitors for storage of high energy due to their very high dielectric constant and low dielectric loss.
Introduction
Glass ceramics are polycrystalline materials formed by controlled crystallization of glasses, and they possess very high mechanical strength [1] . The mechanical strength of glass ceramics depends on structural composition and processing variables, and it has complex inter-relationship with microstructure [2, 3] . The size, shape, natural wetting and presence or absence of internal cracks are also affecting the microhardness of glass ceramics [4] . Gomma et al. [5] reported the electrical and mechanical properties of alkali BaTiO 3 alumino-borosilicate glass ceramics containing Sr or Mg. In this glass ceramic system, it was seen that microhardness depends on SrO/BaO or MgO/Al 2 O 3 . The measurement of mechanical properties such as hardness and elastic modulus of sintered BaTiO 3 ceramic shows the grain size dependence of densification, and it was found that the microhardness increases with decrease in grain size [6] . The carbon nanotube in the glass matrix enhances the toughness of composite materials.
The variation in electric behavior is due to a sequence of phase transitions and the space charge polarization between glass matrix, crystalline phases and inter grain boundary. At high temperature, BaTiO 3 is paraelectric with cubic structure. On cooling, this material undergoes successive structural phase transitions from cubic, tetragonal, orthorhombic and rhombohedral [7] . Such glass ceramics are mainly used in high energy storage device such as barrier layer capacitors. When some of Ba 2+ ions are replaced by Sr 2+ ions, electrical properties are extensively changed due to space charge polarization. BST (barium strontium titanate) glass ceramics have perovskite  structure and show ferroelectric behavior. Divya et al. [8, 9] have investigated the crystallization and dielectric properties of BST borosilicate glass ceramics. This group has also reported dielectric behavior of BST with addition of bariumaluminosilicate. They found that the dielectric constant is 10 000 in bariumaluminosilicate system, but the replacement of aluminosilicate with borosilicate enhances the dielectric constant up to 12 000. BST glass ceramics in Al 2 O 3 addition make the dielectric constant of 1000 and breakdown strength of 800 kV/cm [10, 11] 3 ). The improvement of energy density could be mainly due to the increase of the breakdown strength and the decrease of the remnant polarization. Glass ceramics barium/lead based sodium niobates and barium titanate based silicates are investigated, whose dielectric constant are ranging from 20 to 700 [12] [13] [14] . The breakdown strength of 1400 kV/cm and the energy storage density of 4.0 J/cm 3 show strontium barium niobate based glass ceramics as strong candidate for high energy density storage capacitors for portable or pulsed power applications, and the breakdown strength increases with crystallization temperature [15] . The increase of Sr/Ba ratio supports the formation of uniform dense and fine-grained structure in glass ceramics, suppresses the crystallization of strontium barium niobate based borate glass, and leads to raised breakdown strength but decreased dielectric constant [16] . Dielectric properties of BST glass ceramics depend upon crystallization, composition of glass ceramic system and doping elements. Recently, our group reported the crystallization and dielectric behavior of BST borosilicate glass ceramics with addition of La 2 O 3 . La 2 O 3 in BST glass ceramics enhances the crystallization and it acts as nucleating agent for crystallization [17, 18] . In our previous reported works, the dielectric constant was found to be about 350. (x = 0.0 and 0.4). The appropriate amounts of these ingredients were mixed in a mortar with pestle in acetone medium. Well mixed and dried powder of raw materials was melted in platinum crucible with high temperature SiC programmable electric furnace at 1200 ℃. Finally, well melted ingredients were poured into an aluminum mould and pressed by a thick aluminum plate. Then, the quenched glass samples were immediately transferred into a preheated programmable muffle furnace for annealing at 450 ℃ for 3 h. Now, the prepared glass samples were grinded in mortar with pestle to form the fine powder, and this glass powder was calcined at 600 ℃ for 3 h with a heating rate of 10 ℃/min. The calcined powder was again grinded using 2.5% of polyvinyl alcohol (PVA) as binder, and pellets (1 cm in diameter) of this powder were formed at load of 10 ton by BEST hydraulic press machine (New Delhi). These pellets were sintered with the heating rate of 5 ℃/min at 850 ℃ for 3 h and 6 h, respectively. Nomenclature of these glass samples was described as: first three alphabets BST denote barium strontium titanate, 5K denotes 5% of K 2 O, 1L means 1 mol% of La 2 O 3 , numeric digit is the fractional content of Sr, T and S denote the sintering time of 3 h and 6 h respectively, and 850 means the sintering temperature (e.g., BST5K1L0.4T850).
2 X-ray diffraction
X-ray diffraction (XRD) data of powdered glass ceramic samples was recorded by a Rigaku Miniflex-II X-ray Diffractometer using Cu K radiation with step size of 0.02°. XRD patterns of these glass ceramic samples were compared with standard JCPDS files for different constituting phases. The particle size was calculated by Debye-Scherer (DS) method and Williamson and Hall (WH) plots.
3 Scanning electron microscopy
Scanning electron microscopy (SEM) is one of the most versatile instruments available for the examination and analysis of the microstructural morphology of solid objects. The glass ceramic samples were polished by using SiC powder of 100 mesh, 600 mesh and 800 mesh to attain the smooth surfaces. These smooth glass ceramic samples were further polished by emery paper of different grades of 1/0, 2/0, 3/0 and 4/0, and the final polishing was done on a blazer cloth using diamond paste (1 μm and 6 μm) with Hifin fluid "OS". Glass ceramic samples were polished and etched using a solution of 30%HNO 3 + 20%HF. Au-Pd coating was done by sputtering method (Poraton Sc-7640 Sputter) on the etched surface of various glass ceramic samples for SEM. SEM images were recorded for surface morphological studies of crystalline phases (voltage of 15 kV and magnification of 5000× by using Model LEO 430 Cambridge Instruments Ltd., UK).
4 Density measurements
The geometrical density of green pellets and sintered glass ceramic pellets was measured by using formula of mass unit volume. The geometrical density of these samples has been listed in Table 1 .
5 Mechanical measurements
Mechanical characterizations were carried out in a universal testing machine (Instron 3639) in compression mode of cylindrical glass ceramic sample having dimensions of 1 cm in diameter and 2.5 cm in length. The toughness of BST borosilicate glass ceramic samples was measured as area under stress-strain curve within limit of initial point to elastic limit point.
6 Dielectric measurements
For dielectric measurements of glass ceramic samples, the both surfaces of these samples were made smooth and electroded by applying the silver paint (Code No. 1337-A, Elteck Corporation, India). The electroded samples were cured at 600 ℃ for 5 min. The capacitance C and dissipation factor tanδ were measured at frequencies of 20 Hz, 100 Hz, 1 kHz, 10 kHz and 100 kHz in equal intervals of temperature during heating in the range of room temperature to 150 ℃ by Wayne Kerr 6500 P (high frequency LCR meter, frequency: 20 Hz-5 MHz). The samples were heated in the heating chamber to the required temperature at a rate of 2 ℃/min. Dielectric constant r  was calculated from the measured capacitance C using the following equation:
where C is the capacitance in farad; 0 The dielectric constant and dissipation factor were plotted as a function of temperature at a few selected frequencies. (Fig. 1) [19] [20] [21] [22] . Figure 2 depicts the XRD pattern of glass ceramic sample BT5K1L0.0S850. This pattern is found to be similar as BT5K1L0.0T850, only has a little difference in low intensity peaks of secondary phase. The comparative studies of these XRD patterns for 3 h and 6 h show that 6 h sintering time gives better crystallization. In glass ceramic Fig. 3 , and it confirms the formation of major crystalline phase of BST along with secondary phase of BTS which is similar to XRD pattern of glass ceramic sample BST5K1L0.4S850 sintered for 6 h (Fig. 4) Figure 9 shows the SEM image of glass ceramic sample BT5K1L0.0T850. The interconnected grains with non uniform grain distribution of the major phase of BST inside the glassy matrix are observed. Figure 10 depicts the micrograph of glass ceramic sample BT5K1L0.0S850, and it shows the dense microstructure of grains of smaller size and this confirms nucleation of crystallites in glassy network. Well developed and interconnected grain crystallite phase in the glass matrix of BST is found in SEM image of glass ceramic sample BST5K1L0.4T850 as shown in Fig. 11 . The better nucleation is seen in the glass ceramic sample due to heat treatment of 6 h instead of 3 h (Fig. 12) . Finally, these micrographs show almost the same grain geometry, only with the difference observed in the densification of the phase formation of crystalline phase. The grain size and porosity in glassy matrix depend upon the sintering as well as glass composition. The grain size is decreased with increase of sintering time and increase of the content of SrO in the glass ceramic samples [5] .
Results and discussion

1 XRD analysis
3 Density measurements
The geometrical densities of green and sintered pellets of samples BT5K1L0.0T850, BT5K1L0.0S850, BST5K1L0.4T850 and BST5K1L0.4S850 have been listed in Table 1 . The density of green pellets of samples BT5K1L0.0 is found to be 3.07 g/cm 3 , and that of sintered pellets of sample BT5K1L0.0T850 is 3.36 g/cm 3 while for BT5K1L0.0S850 is 3.38 g/cm 3 . The density of sintered glass ceramic samples is found to be higher than the reported value of density of glass ceramic samples formed by controlled crystallization of glass for the same system [24] . This shows that densification of glass ceramic samples on sintering increases with increasing the sintering time. This is also confirmed by XRD and SEM analyses. Similarly, the densities of glass ceramic samples BST5K1L0.4T850 and BST5K1L0.4S850 also increase with sintering time. Not only the sintering effect on density but the compositional effects are observed in these glass ceramic samples. With addition of Sr content, the density of glass ceramic samples decreases due to less density of Sr (2.6 g/cm 3 ) than Ba (3.5 g/cm 3 ).
4 Mechanical behavior
Mechanical properties depend upon crystallize size and porosity, and all such parameters depend on soaking time of sintering as well as compositions of the glass ceramics. Stress vs. strain measurements were carried out in compressive mode of uniform cylindrical glass ceramic samples BT5K1L0.0T850, BT5K1L0.0S850, BST5K1L0.4T850 and BST5K1L0.4S850 as shown in Figs. 13 and 14. The compressive study of glass ceramic sample BT5K1L0.0T850 reveals that Hooke's law of elasticity follows up to load of 757.85 MPa ( Fig. 13(a) ). Figure 13( (Fig. 14(a) ). Thus, addition of Sr content increases the mechanical strength of glass ceramic sample. Figure 14 (b) shows that ductileness of glass ceramic sample BST5K1L0.4S850 decreases with increasing sintering time for crystallization. The compressive strength is found to be 11 294.49 MPa. This high value of strength is due to addition of Sr content as well as soaking time for sintering. The glass ceramic sample BST5K1L0.4S850 is found more elastic than others and its elastic modulus is 7.070±0.001 GPa. This value of elastic modulus is much higher than those of other reported glass ceramics [25] [26] [27] . The compressive strength, elastic modulus and toughness of these glass ceramic samples have been listed in Table 1 .
The toughness of glass ceramic sample BT5K1L0.0T850 is found to be 131 MJ/m 3 , whereas its value for glass ceramic sample BT5K1L0.0S850 is 614 MJ/m 3 . Thus, with increasing the soaking time of sintering, the ability to resist the crack in glass ceramic sample increases, and it confirms the sintering time dependence on densification. Dependence of densification is also observed from SEM micrographs and XRD analysis. When 40 mol% of Sr content is added in the glass ceramic system of BST borosilicate, then toughness is increased up to value of 3142 MJ/m 3 for glass ceramic sample BST5K1L0.4T850 and 11 824 MJ/m 3 for sample BST5K1L0.4S850. Such type of glass ceramics can be used for high load bearing applications. These glass ceramics are having high resistance to corrosion and also withstand high temperature.
5 Dielectric behavior
The dielectric behavior of glass ceramic samples depends on various factors such as the nature and amount of crystallinity of crystalline phases, crystallite size, grain size and grain boundary morphology, pyrochlore phases, crystal clamping and the connectivity of the high permittivity perovskite crystals in the low permittivity glassy matrix. The nature of crystalline phases and microstructure of glass ceramics can be controlled by heat treatment conditions during the crystallization of glass to glass ceramics. The solid solution of barium titanate and strontium titanate ceramic to form (Ba 1x Sr x )TiO 3 have significant importance for technological point of view, as such glass ceramics have very high dielectric constant. The ferroelectric phase transition in these glass ceramics has been controlled by composition as well as heat treatment schedule. Figures 15 and 16 depict the variations of dielectric constant and dielectric loss with temperature for glass ceramic samples BT5K1L0.0T850 and BST5K1L0.4T850 at frequencies 20 Hz, 100 Hz, 1 kHz, 10 kHz and 100 kHz. The dielectric behavior of glass ceramic sample BT5K1L0.0T850, sintered for 3 h at 850 ℃, is shown in Fig. 15 . The double phase transition is observed at temperatures of 60 ℃ and 125 ℃, and it is similar to previously reported results on (BaSr)TiO 3 by Zhang et al. [28] . The double anomaly occurs due to successive transitions from orthorhombic to tetragonal and tetragonal to cubic crystal structures. The ferroelectric features are confirmed by symmetry breaking in dielectric constant. Here, the second phase transition is also attributed to the transition of ferroelectric phase to paraelectric at Curie temperature of 125 ℃. The highest value of dielectric constant is found to be 31 497 at frequency of 20 Hz. The dielectric loss at low frequencies increases gradually with increasing the temperature, and its value on room temperature at 20 Hz is found to be 0.01. The peak position variation with temperature is non-monotonic. This may be due to non uniform distribution of secondary phase formation in glassy matrix or defects produced by crystal clamping. Figure  16 shows the dielectric behavior of glass ceramic sample BST5K1L0.4T850 which is derived by 60/40 (in mol%) of Ba/Sr ratio for the same glass system, and it is sintered for 3 h. The dielectric constant for this glass ceramic sample at 20 Hz is observed to be 32 349. This value of dielectric constant is greater than the value of dielectric constant at the same frequency for Sr free glass ceramic sample BT5K1L0.0T850. This increase in the value of dielectric constant is attributed to the higher conductivity difference among the crystalline phase, pyrochlore phase and glass interface. The dielectric loss increases gradually with increasing the temperatures for frequencies of 20 Hz, 10 kHz and 100 kHz, and its value for 20 Hz at room temperature is 0.01.
The variations of dielectric constant and dielectric loss with temperature at above mentioned frequencies for glass ceramic samples BT5K1L0.0S850 and BST5K1L0.4S850 are shown in Figs. 17 and 18 , which are derived by sintering of 6 h soaking time. The sintering time for the crystallization affects the value of dielectric constant but it does not change the dielectric behavior of the glass ceramic samples. Curie temperature of 6 h sintered glass ceramics is decreased, and this may lead to reduction of residual glass and pyrochlore phases in the glassy matrix. Figure 17 depicts the dielectric behavior of glass ceramic sample BT5K1L0.0S850, and this pattern shows that the dielectric constant is increased up to 49 612 from 31 497 with increase in sintering time. This high value of dielectric constant is attributed to interfacial or space charge polarization which is arising from the conductivity difference among the various phases such as major BT/BST phase, secondary phase and glass matrix interface [29] . In 6 h sintered glass ceramic samples, the amount of secondary phase is less as compared to that of 3 h, and hence, there is large conductivity difference between semiconducting grains and insulating glassy matrix. Curie temperature for glass ceramic sample BT5K1L0.0S850 is found to be 120 ℃. The dielectric loss for this glass ceramic sample is almost independent of temperature which is good indication for high energy storage device applications such as capacitors and barrier layer capacitors. The value of dielectric loss for 20 Hz frequency at room temperature is 0.01. The variation of dielectric constant and dielectric loss with temperature at frequencies 20 Hz, 100 Hz, 1 kHz, 10 kHz and 100 kHz of glass ceramic sample BST5K1L0.4S850 is shown in Fig. 18 . The peak value of dielectric constant is observed at 20 Hz and it is found to be 39 532. The 
Conclusions
Bulk transparent BST borosilicate glasses were prepared successfully by melt quench method, and their glass ceramics were formed by solid state sintering route. XRD patterns of these glass ceramic samples confirm the formation of the major perovskite phase of BaTiO 3 /(Ba,Sr)TiO 3 along with trace amount of secondary phase of Ba 2 TiSi 2 O 8 . The crystallite size decreases with increasing the sintering time or increasing the content of SrO. The mechanical strength of glass ceramic samples increases with decreasing the crystallite size. The value of dielectric constant is found to maximum (49 612) for glass ceramic sample BT5K1L0.0S850. The dielectric constant is increased with increasing the soaking time for sintering of glass ceramics. These glass ceramic samples show the ferroelectric behavior in barium rich glass ceramic samples. 
